As an effective spectrum utilization technology, non-contiguous orthogonal frequency division multiplexing (NC-OFDM) 
Introduction
With the development of wireless communication technology, the number of wireless users has a sharp increase, leading to spectrum resources become scarce. However, the spectrum assigned to the licensed users is not fully utilized [1] . Professor Joseph. Mitola proposed the concept of cognitive radio (CR) [2, 3] , which can dynamically detect idle spectrum for CR users to use and improve the spectrum utilization.
Non-continuous orthogonal frequency division multiplexing (NC-OFDM) is a modulation technique, applicable to the discrete spectrum environment. NC-OFDM may be regarded as a variant of the traditional OFDM technology [4] . At present, the research focus is mainly concentrated in the system design. There's a lack of in-depth study on channel estimation. A method of pilot insertion is proposed in [5, 6, 7] , which shift the position of pilot to avoid the pilot fell into the licensed users' frequency band. The channel estimation algorithm based on pilot for OFDM system in general is also suitable for NC-OFDM, but because of the discontinuous of the NC-OFDM sub-carrier, the pilot pattern should be designed to make the appropriate changes.
In recent years, the compressive sensing theory has greatly attracted the attention of researchers in the field of signal processing. The theory suggests that the exact or approximate reconstruction of the signal can be achieved through the acquisition of a small amount of signal projection values when the signal has a sparse or compressible. There're two basic reconstruction algorithms. One is based on linear programming method to minimize the l1 norm, such as Basis Pursuit (BP) [8] , Gradient Projection for Sparse Reconstruction (GPRSR) [9] . The other is based on the greedy algorithm to minimize the l0 norm, such as Matching Pursuit (MP) [10] , Orthogonal matching pursuit (OMP) [11] , Stagewise Orthogonal Matching Pursuit (StOMP) [12] , Regularized Orthogonal Matching Pursuit (ROMP) [13] , Compressive Sampling Matching Pursuit (CoSaMP) [14] , Subspace Pursuit (SP) [15] , Sparsity Adaptive Matching Pursuit (SAMP) [16] .
In NC-OFDM systems, channel estimation algorithm based on OMP(orthogonal matching pursuit) has been studied in some papers. In this paper, SAMP (sparsity adaptive matching pursuit) algorithm is considered to be applied to channel estimation for the NC-OFDM systems as SAMP algorithm does not require a priori knowledge of the sparse degree comparing to the OMP algorithm. Moreover, MAMP (modified adaptive matching pursuit) algorithm as an improved SAMP algorithm is introduced to solve the problem of the large reconstruction timeconsuming for SAMP algorithm.
NC-OFDM system model
NC-OFDM systems keep sensing the surrounding spectrum environment. The sub-carrier is set to activate when the spectrum is idle, this state is called "on". When the spectrum is not available the subcarrier is set to zero, this state is called "off".
The NC-OFDM system is illustrated in Figure 1 . At the transmitter side, high-speed data stream first passes through the MPSK modulator. The modulated high-speed data stream is allocated into N lower rate subcarriers after the S/P conversion. Unlike the traditional OFDM systems assign a serial data stream to all subcarriers, NC-OFDM systems are in the control of sub-carrier state is "on" or "off". The data stream is only assigned to the sub-carriers whose state is "on", and the sub-carriers whose state is "off" do not transmit any data. Then the pilots are inserted and N-point inverse Fourier transform is taken. In order to reduce the ISI (inter-signal interference) and ICI (inter-carrier interference), the guard interval (cyclic prefix) is insert into each of NC-OFDM symbol. And the data is recovered into a serial data stream after the P/S conversion. After the RF modulation, the signal is transmitted.
At the receiver side, the received signal passes through the RF demodulator and S/P converter. And then the cyclic prefix is removed. After the N-point Fourier transform, channel estimation is taken to combat multipath fading. The pilot is removed and the data is read according to the sub-carrier state. At last, original data is recovered after MPSK demodulation.
In broadband wireless communication, the actual bandwidth of the system is usually larger than the coherence bandwidth and the channel is frequency selective fading channel. The discrete-time channel model is:
The channel impulse response vector
remains unchanged in multiple OFDM symbol period of time reflects the slow time variation of the channel. A mount of study also find that in broadband wireless communication, the wireless channel presents sparsity, that is, the number of nonzero elements in the vector h is quite small. If the number of its nonzero elements is K , then the vector is K -sparsity. In the OFDM system, DFT size is N and pilot sub-carriers number is P . The cyclic prefix length is greater than the maximum possible path delay. OFDM symbol data 
where 
where
P N  matrix S selects the location of P pilot from the N subcarriers. N N  matrix S selects P rows corresponds to the pilot position from the unit matrix. The received pilot signal is:
In (4) 
The purpose of channel estimation is to estimate the channel frequency response H .
Compressive sensing model
CS theory suggests: if the signal is compressible or in a transform basis is sparse, the high dimensional signal can be projected onto a lower dimensional space with an observation matrix which is uncorrelated with the transform basis, and then the original signal will be high probability reconstructed by solving an optimization problem with the small amount of projections.
In the CS model, the signal x is not directly measured, but projected onto the observation matrix   
, it can be expressed as follows:
where  is an 1 N  vector,  is an N N  sparse vector. (7) is substituted into (6): (1 ) will satisfy the RIP with high probability subject to
Channel estimation algorithm

LS Channel Estimation Algorithm
For formula (4), channel frequency response at the position of pilot is:
Then channel frequency response at all subcarriersˆL S h is obtained by interpolation.
The characteristic of LS algorithm is simple. But the optimal solution is obtained without considering the noise and the interference between sub-carrier in the received signal. The mean square error (MSE) of output signal is larger, so the accuracy is limited.
OMP Channel Estimation Algorithm
OMP algorithm as one of the earliest greedy iterative algorithm, its ideas greatly influenced the greedy algorithms that occurred later. OMP algorithms suggests the reconstruction under the conditions of a given iteration number, as the iterative process is forced to stop, OMP algorithm needs a lot of linear measurement to ensure accurate reconstruction.
The basic idea of the OMP algorithm: select the columns of  with greedy iterative algorithm, make sure the correlative value between the columns selected in each iteration and the current redundant vector is max, and then minus the correlative value from the sampling vector and repeat iteration until the number of iterations achieves the sparse degree K . Step 1: find the maximum value of the inner product of residual r and the column of sensing matrix j  , the corresponding foot mark is  , 1 1 arg max ,
Step 2: renew the index set Step 4: renew the residualt
Step 5: if t K  , stop the iteration, else do step 1.
OMP algorithm selects an atom in each iteration to update the atom collection, which will certainly pay a large time for reconstruction. The number of iterations is closely related to sparse degree K and the number of samples M , with their increase, time-consuming will also significantly increase.
SAMP Channel Estimation Algorithm
Traditional greedy iterative algorithm such as MP, OMP, StOMP are not adaptive, pre-estimate of the sparse degree of the sparse signal is needed and the reconstruction accuracy is not satisfactory. In reality, the sparse degree of the sparse channel is usually unknown. In order to improve the accuracy of reconstruction, and make the algorithm adaptive, SAMP algorithm is proposed in [16] . The signal reconstructed does not require any a priori information on signal sparse degree. The process is as follows:
Input: Sampling matrix  , Sampled vector y , step size s ; Output: A K -sparse approximation of the input signal;
Step1: Initialization = 0, 0 r y Unlike the OMP algorithm, the iteration times of SAMP algorithm is uncertain which related to step size s . For the SAMP algorithm introduces the idea of stage, reconstruction of signal is divided into several stages, and each stage contains a number of iterations. Therefore, the SAMP algorithm has higher computational complexity and more computational time than OMP algorithm.
MAMP Channel Estimation Algorithm
For the reconstruction of SAMP algorithm takes a quite large time, and reconstruction accuracy can be further improved. MAMP algorithm has been proposed in [18] , the algorithm uses a fuzzy threshold preliminary selection program, improves the step size selection method, and sets the initial clipping threshold. The process is as follows:
Input: Sampling matrix  , Sampled vector y , step size s ; fuzzy threshold parameter apr, bpr;
Variable step size threshold parameters exch; iteration stop parameter opt; initial clipping parameters per.
Output: A K -sparse approximation of the input signal;
Step1: Initialization = 0, 0 r y 
  
In the preliminary selection, the function rand (1) avoids to select too many atoms, choosing fuzzy threshold method is more reasonable because the threshold value is inherently uncertain. In SAMP algorithm, in order to achieve accurate reconstruction, step size s is fixed to 1, so iteration times are very large. In MAMP algorithm, when the energy of the residual r is less than a threshold, the step size is changed to 1. In SAMP algorithm, clipping is taken even when the candidate set is small. MAMP algorithm sets an initial clipping threshold, when the size of the candidate set reaches to per · s the first clipping is taken, so unnecessary clipping has been avoid and computation time has been saved.
Simulation Results
In this section, we compares the simulation results of channel estimation algorithms based on OMP algorithm, SAMP algorithm，MAMP algorithm and traditional LS algorithm in NC-OFDM systems. And it is the first time for SAMP algorithm is applied to channel estimation in NC-OFDM systems.
The parameters are as follows: QPSK modulation, the NC-OFDM sub-carrier number 100 N  , pilot sub-carrier number is 16, cyclic prefix is 8, Rayleigh fading channel multi-path number is 4, and the sampling period is 0.5ms.
Simulation results for the three channel estimation algorithms are bit error rate and MSE, the MSE defined as follows:
BER curves are shown in Fig. 2 , the error rate of OMP, SAMP and MAMP channel estimation algorithm are similar and significantly lower than LS channel estimation algorithm, and the effect is more pronounced with the SNR increasing The MSE of LS channel estimation algorithm, OMP channel estimation algorithm， SAMP channel estimation algorithm and MAMP channel estimation algorithm are shown in Fig.3 . It can be seen that the OMP, SAMP and MAMP channel estimation algorithm performance significantly better than the LS channel estimation algorithm. And with the improvement of the SNR, the superiority of the algorithms based on compressive sensing has become increasingly evident. 4 shows the comparison of MSE obtained by LS algorithm and SAMP algorithm when the number of pilot signal is different. It can be seen that with the increasing number of pilots, both LS algorithm and SAMP algorithm, their MSE are relatively reduced. The MSE curve of SAMP algorithm when pilot sub-carrier number is 8 is similar with the MSE curve of LS algorithm when pilot subcarrier number is 16. SAMP algorithm with fewer pilot sub-carrier numbers can get close to the performance of LS algorithm. The throughput of the system will be greatly increased.
Conclusions
In the paper, we introduce channel estimation algorithm based on OMP and SAMP in NC-OFDM systems firstly. The OMP algorithm requires a priori knowledge of the sparse degree, but SAMP algorithm does not. Thus the SAMP algorithm is more suitable for the actual situation. MAMP algorithm as an improved SAMP algorithm is introduced to reduce the computation time and increase reconstruction accuracy. The compressed sensing technology can be used in the NC-OFDM system channel estimation. Moreover, it can be seen that we can use few pilot to obtain the ideal channel estimation performance. 
Acknowledgement
